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ABSTRACT 

The resul ts  of  e f fo r t s  conducted for and by the Lang-ey Research Center and 
industry form the basis for a conparisor! of candidate al ternate fuels for 
a i rcraf t .  The fuels addressed include l i q u i d  bdrogen, l i q u i d  =thane, and 
synthetic aviat ion kerosene. An assessaent i s  made of the v i a b i l i t y  of each 
fuel  frm the standpoint of cost, capi ta l  requirement, and enerqy resource 
u t i 1  izat ion, as influenced by fuel  production, transmission, a i rpor t  storage 
and d i s t r i bu t i on  f a c i l i t i e s ,  and use i n  a i rcraf t .  Technology def ic ient  areas 
f o r  crpgenic  fuels, uhich should be advanced p r io r  t o  the i n t r o d x t i o n  of the 
fuel, i n t o  the aviat ion industry, are identi f ied, as are the cost and energy 
penalties associated with not achieving those advances. EnvironnentdI 
emissions and safety aspects of fuel select ion are discussed. A & t a i l e d  
descript ion o f  the various fuel production and l iquefact ion processes a.ld o f  
t h e i r  ef f ic iencies and economics i s  glven i n  an appendix. 

I NTR3DUCTION 

Growing concerns over the depletion of natural ly occurring crude o i l  resources 
i n  the United States, coupled with a growing United States dependence upon oil  
imported from other countries which themselves recognize o i l  production l i m i -  

tat ions i n  the forr:eeable future, have prompted NASA t o  look a t  energy 
resources other than natural ly occurring crude o i l  f o r  the production o f  
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aviat ion fuel. O i l  shale and coal are the two largest rem in ing  fossi l  fuel 
resources i n  the United States(1). Pr ior  NASA studies(2) have determined 

that  l i q u i d  hydrogen (LHz), l i q u i d  methane (LCtQ) and synthetic aviat ion kero- 
sem (referred herein as 'Synjet") are the three most promising al ternate 
fuels f o r  future aviation. Coal a n  be used as an energy source f o r  producing 
a l l  three fuels and o i l  shale shows promise f o r  production bF Synjet. 

This paper Jddresses many of the aspects which mst be evaluated, over the 
long term, i n  selecting an alternate fuel(s) for aviat ion use, including the 
following: the ef f ic iency with which the prime energy sources (coal or o i l  
shale) are ut i l ized,  fuel  price, capi ta l  requir-wts, the potent ia l  environ- 

mental iapact associated with each fuel, and safety. Each fue l  i s  examined 
from the standpoint of fuel  production, transmission o f  the fuel  t o  the a i r -  
port, the ground f a c i l i t i e s  required at the airport ,  and the ul t imate use of  
fue? i n  the aircraf t .  Technology- def ic ient  areas associated w i t ? ,  each fue l  
are identi f ied, as well as technology advances which, i f  achieved, m l d  

s ign i f i can t l y  enhance the v i a b i l i t y  of each. The penalties associated with 

# 

f a i l u r e  t o  achiede a required technology are also evaluated. A detai led 
descript ion i s  provided i n  the appendix of: the cornplex fuel  production and 
l iquefact ion grocesses and the i r  by-products; an3 the methodology used i n  
a r r i v i ng  a t  values of process eff iciencies and econanics. 

PROCESS ABBGEWIATIONS 

K-T Ko9pers-Totzek 
S- I SteamIron (continuous process) 
PAR. OX. P a r t i a l  Oxidation 
ELECT. Water Electrolysis 
C.S.F. Consol Synthetic Fuel 
D.S. Donor Sol vent 
S.S. SASOL Syntties i s 

S.Z. Surfa-e Retort 

PRODUCTION EFFICIENCIES AND ECONOMICS 

Thermal Eff ic iencies 

I n  wder t o  use our natural energy resources i n  the most e f f i c i e n t  manner, one 
f igure o f  merit that may be used i s  the thermal ef f ic iency of the fuel  produc- 

t i o n  processes. Thermal efficiency i s  defined herein (unless otherwise noted) 
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as the lower heating value of al l  energy products caning out o f  a fuel preduc- 
t i o n  process, divided by the lower heating value of a l l  the energy going into 
the process. 

Fuel production thermal e f f ic ienc ies have been developed f o r  twelve processes, 
using production process information (3-5) and an unpub'ished Boeing stuw. 
The resul ts  fo r  a l l  twelve processes are presented i n  bar graph form i n  
f igure 1 t o  provide an overview of the re la t i ve  thermal eFficiencies of the 
three fuels. The thermal eff icir . icy data, in  tabular form, ( including a 
breakout o f  synthetic crude o i l ,  gaseous hydrogen and methane), are given i n  

table 1. A l l  o f  the fuel production processes reported i n  the Boeing study 
ei ther are, or are very near t o  being, corrmercially available processes, 
whereas those referpnce 3 vary as t o  development status. Descriptions of the 
processes and thermal e f f ic iency calculations are contained i n  the appendix. 

The advanced technology, continuous Steam-Iron' process has, by far, the 

highest thermal efficiency of the LH2 processes, 42 t o  60 percent whereas 
water e lect ro lys is  has the iawest thermal ef f ic iency by a substantial amount. 
For l i q u i d  bdroyen, the shaded portions of the LH2 bars represent incremental 

improveuints i n  thermal e f f ic iency (about 5 percent~ge points) which my be 
obtainable through the development of advanced hydrogen 1 iquefaction tech- 
nologies which have been identi f ied. Koppers-Totzek, a comoercially available 

process, U-GASW, an advanced technology process, and the Par t ia l  Oxidation 
process have thermal e f f ic ienc ies which range f rom 30 t o  40 percent. 

For 1 iqu id  methane, the advanced technology production. processes, HYGAS @ and 

C02-Acceptor are being developed t o  have re la t i ve l y  high thermal e f f ic ienc ies 
compared to  the P a r t i a l  Oxidation process. HYGASQb has the highest t h e m 1  
ef f ic iency of a l l  (63 percent), followed closely by the C02 Acceptor process. 
The P a r t i a l  Oxidation process has a thermal e f f ic iency considerably loner, but 
i s  an essent ia l ly  comnercially available process. 

The Synjet product ion processes reportea herein would prodlice a synthetic j e t  
fuel having the same properties as current conmercial aviat ion kerosene (Jet- 

A l l  Synjet processes range from 46 t o  56 percent i n  thermal efficiency, 
wi th Synjet from o i l  shale having a s l i g h t l y  higher thermal efficiency. For 
o i l  
For coal-derived Synjet, the SASOL Synthesis type process (s imi lar  t o  that 
current ly employed i n  South Afr ica) and the Consol Synthetic Fuel process each 

A )  * 

shale, a surface re to r t  process was used i n  l i e u  o f  an i n  s i t u  process. 
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had a thermal ef f ic iency of 54 percent while the Donor Solvent process had a 
thermal e f f ic iency of 46 percent. 

O f  the processes that are or near a coamercially available status, thermal 
e f f ic iency i s  the highest fo r  Synjet, followed closely C l i q u i d  methane, wi th 
l i q u i d  bdrogen being the lowest. When advanced processes are considered, 
substantial improvements i n  thermal e f f ic iency are potent ia l ly  obtainable for 
both LH2 and LCQ, with LCW having the greatest potential. 

Production Prices 

The prices o f  synthetic fuels associated with each production process iden- 
t i f i e d  i n  f igure 1 are shorn. i n  f igure 2 i n  bargraph form and re f l ec t  the 
pr ice as delivered t o  the a i rcraf t .  Tables 2 and 3 present the pr ice data i n  
tabular form and include a breakout of a l l  p r ic ing  elements (e.g. fuel, pro- 
duction, pipeline). A detailed description of the methods and assumptions 
employed i n  deriving fve l  prices f o r  table 2 i s  given i n  the appendix. 

For l i q u i d  hydrogen, lower prices are indicated for  the advanced technology 
U-GASTM and continous Steam-Iron processes, than fo r  the cmnerc ia l ly  avai l -  
able Koppers-Totzek process. It i s  not c lear a t  present why the pr ice o f  the 
essenrially comnercially available Par t ia i  Oxidation process, from the Boeing 
study, i s  as low as the advanced technology processes, but t h i s  may be a t t r i -  
buted t o  the two studies being completely independent and u t i l i z i n g  d i f fe ren t  

data bases. The LH2 prices are seen t o  range f rom about $12.00 t o  $20.00/63, 
depending upon the process. and technology assumed. Hydrogen 1 iquefaction 
accounts f o r  $6.17/GJ of the to ta l  LH2 price. The manufacture of  heavy 
water(6) during the l iquefact ion process, and i t s  subsequent sale a t  $220/kg 

was found t o  be an ef fect ive means o f  lowering (by $1.62/GJ) the hydrogen 
l iquefact ion price. 

For liquid methane, the prices for  the two processes are nearly equal and 

range from about $8.00 t o  $9.OO/GJ. 

For coal-derived Synjet, prices range f rom about $6.50 t o  $9.OO/GJ, with 
the SASOL Synthesis process being the least expensive. Synjet from o i l  shale 

i s  seen t o  be the l e a s t  expensive ($6.20/GJ) of  a l l  alternate fuels and i s  
about equal i n  pr ice t o  Jet-A se l l ing  f o r  $0.75 per U.S. gallon. 
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Capital Requirements 

The capi ta l  requirements of the Systems required t o  manufacture, transport, 

and store U p ,  Lm, and Synjet at a major a i rpor t  are shown i n  bar graph form 
on f igure 3. The data were taken frm the W i n g  study &ich assumed that  
fue l  requirements f o r  the a i rpor t  we- 325 13 per duy, a value of comparable 
t o  current fue l  requirements f o r  a l l  a i r c r a f t  a t  the Chicago-O'Hare 
International Airport. The to ta l  capital requirements are shown fo r  s i x  pro- 
cesses, wi th the shaded portion of the bars representing that port ion o f  the 
capi ta l  requirement which would be the responsib i l i ty  of the manufacturer 
(energy compaqy). Current practice i s  generally for the a i rpor t  author i ty or 
a i r  carr ierk t o  purchase fuel delivered t o  the airport. The por t ion of the 
capi ta l  requirements representing the l iquefaction and storage f a c i l i t i e s  a t  
the a i rpor t  i s  assukd t o  be the a i rpor ts  responsibi l i ty ,  and i s  shown by the 
nonshaded bottom port ion of the bars. For Synjet, which may represent only 
25 percent o f  the t o t a l  fuel output of the manufacturing process, the so l i d  
por t ion of the bars represents the Synjet share of the to ta l  capi ta l  require- 
ments, while the dashed l i n e  port ion represents the non-Synjet share. Detai ls 
o f  the capital requirements breakdown are given i n  the appendix. 

The lowest capital requirements associated with the alternate fuels derived 

from coal would be 2849, 2509, and 2376 m i l l i o n  dol lars for LH2, LCH4, and 
Synjet, respectively. For LHz and LCHq, the a i rpor t 's  share would be 1122 and 
597 m i l l i o n  dollars, respectively and negl ib ib le  fo r  Synjet. The lowest capi- 
t a l  requirement i s  fo r  Synjet from o i l  shale which would be 1669 m i l l i o n  
dol 1 ars  . 
USE OF SYNTHETIC FUELS I N  AIRCRAFT 

An important aspect o f  selecting an al ternate aviat ion fuel i s  that  o f  h w  

well a i r c r a f t  can u t i l i z e  each fuel. P r i m e  concerns are fuel consumption, and 
how fuel selection may impact the pr ice paid by an a i r l i n e  passenger for a 
t icket. Three NASA-sponsored studies of LH2 fueled subsonic transport a i r -  
c r a f t  have been conducted by L~ckheed(~ '~ ) ,  who i s  also currently conducting a 

NASA-sponsored study of LCH4 fueled a i r c ra f t  (Contract WS1-15239). For the 
preliminary assessments reported herein, it i s  assumed that a i r c ra f t  fueled 

with Synjet would have the same performance characteristics as those fueled 
with Jet-A fuel. 
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The i n i t i a l  Lockheed study determined that the a i r c r a f t  should be configured 
t o  locate the very low density LHz f ue l  i n  large tanks within the fuselage 
both fo re  and a f t  of the passenger compartment. Such a configuration mkes 

LH2 par t i cu la r l y  a t t rac t i ve  from the standpoint o f  onboard energy consumption 
f o r  long-range, high-payload combinations. The performance o f  a variety o f  
range payload combinations have been investigated, with up t o  18,000 km i n  
ranye and up t o  800 passengers i n  payload. The performance data i n  the early 
~ t u d i e s ( ~ ’ ~ )  were subsequently found t o  require refinement resu l t ing  from 
bet te r  de f in i t ion  of the onboard LH2 fuel system and the des i rab i l i t y  t o  be 
inore consistent wi th real  world conditions i n  the values used fo r  takeoff 
f i e l d  length (increased t o  3200 m) and f o r  maximum approach speed (relaxed t o  
72 m/s). The ref ined performance data are reported(’) f o r  only oae com- 
binat ion (400 passengers, 10,190 km). The ongoing Lockheed study, which i s  
nearing completion, updates the performance information f o r  the remaining com- 
binations t o  provide comparison with LCH4 a i r c r a f t  configurations, on which 
the study i s  focussed. 

The ongoing study of LCH4 a i r c r a f t  indicates fuselage-located fuel  tanks t o  be 
preferred even though the greater density of LCH4 resu l ts  i n  a smaller fue; 

volume requireaant than when LHz i s  used. Preliminary performance data from 
t h i s  study are included i n  the fol lowing assessment of onboard energy u t i l i z a -  

tion. 

Energy Consumption_ 

The onboard energy consumption Of LH2 and LCH4 fueled a i rc ra f t ,  re la t i ve  t o  
tha t  o f  Jet-A fueled a i r c r a f t  i s  shown i n  f igure 4 as  a function o f  a i r c r a f t  
design range. Orlboard energy is defined herein as the heating value o f  the 
fuel  required fo r  the mission, ana does not include the energy required t o  
produce the fuels. The l x a t i o n s  of the symbols indicate the design ranges 
investigated, and a comparable technology Synjet a i r c r a f t  was defined a t  each 
range i n  order t o  make the comparison. Relative energy consumption i s  defined 
herein as the onboard energy required by the LH2 or LCH4 fueled a i rc ra f t ,  
divided by the onboard enerQy required by the Synjet fueled counterpart 
a i rc ra f t .  Those a i r c ra f t  whose design ranges exceed 15,000 km actual ly repre- 

sent a i r c r a f t  with the capabil i ty o f  f l y i n y  92bO km and returning without 
refueling. LCH4 fuellja a i r c r ? f f L  show r10 onboard energy savings over Synjet 
fueled a i r c r a f t  but t18L LH2 fueled a i rc ra f?  consume from 2 t o  33 percent less 
energy, with energy *,aving increasing with rang?. 
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The re la t i ve  efficiency with which the prime energy resource (coal and/or o i l  
shale) can be converted t o  4, LCHq or  Synjet, and u t i l i z e d  by the a i r c r a f t  
i s  depicted fn f igure 5 as a function of a i r c r a f t  design range. Relative 
resource u t i l f z a t i o n  i s  defined herein as the to ta l  energy (including that of 
the coal or oil shale used i n  fuel pro&*ctiorl) required by the Ur2 and 

LCHq fueled a i rcraf t ,  divided by the tota; energy (including the coal or o i l  
shale used i n  fuel production) requirc.4 by the a n j e t  fueled counterpart 
a i rc ra f t .  The upper and lower 
LH2 and LCHq curves re f l ec t  the lowest and highest values o f  fuel production 

thermal ef f ic iency reported herein for LH2, LCH4, and Synjet. Not included i s  
the value for  hydrogen produced by water electrolysis. The band of  uncer- 
t a i n t y  (between the curves) i s  re la t i ve l y  narrow for LCb but re la t i ve l y  broad 

for LH2, which makes d i f f i c u l t  any meaningful comparisons fo r  hydrogen. 
LCH4 fueled a i r c ra f t  would appear t o  be moderately (0-15 percent) energy con- 
servative throughout the a i r c ra f t  design range. If the higher fuel-oroduction 
thermal ef f ic iencies can be achieved for hydrogen, LH2 fueled a i r c ra f t  would 
u t i l i z e  from 10 t o  20 percent less energy resources than would Synjet fueled 
a i r c r a f t  f o r  design ranyes typical of those of present a i rcraf t .  

Two curves are shown for bath LH2 and LCH4. 

Fuel Pr ice Effects 

The passenger t i cke t  pr ice i s  affected by fuel price. Figure 6 presents 
mission fuel pr ice (based on the most opt imist ic fuei price of  f igure 2) fo r  
the three alternate fuels. The mission fue l  pr ice for  both cryogenic fuels i s  
yreater a t  a l l  ranges than fo r  Synjet. The fuel pr ice per seat fo r  a 2800 km 

f l i g h t  would be $21.50 for LH2, 515.50 f o r  LCHq, ‘and $11.80 f o r  Synjet. 
Assuming that a l l  other elements entering i n to  t i cke t  price are unaffected by 
the type of fuels, the passenger would pay about $10.00 more on the LH2 fueled 

a i r c r a f t  than on the Synjet fueled a i r c ra f t  and about $4.00 more on the 

LCH4 fueled a i rcraf t .  For a 10,000 km f l i gh t ,  the t i cke t  price d i f f e ren t i a l  
would increase t o  about $30.00 and $16.00, respectively. 

A i rpor t  Fuel Fac i l i t ies .  

Consideration of a i rpor t  f a c i l i t i e s  f o r  alternate fuels i s  l im i ted  t o  LH2 and 

LCH4 since Synjet can use exist ing f a c i l i t i e s  without modification. For the 
two cryoyenic fuels, NASA-supported stud’es were carr ied out several  years ago 

for LH2 and s i m i l a r  studies are presently underway fo r  LCH4 (wi th  only pre1’- 
m i  nary informati on ava i  lable). 
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I n  dual studies o f  the requirements for LH2 fueled a i r c r a f t  a t  the 
a i rpor t ( l0s1 l ) ,  it was determined technical ly feasible t o  modify two major 
a i rpo r t s  (O'Hare Internat ional  i n  Chicago, and $an Francisco In ternat ional )  

for  LH2 f u e l  use, and that generally, technical problems len t  themselves t o  
straightforward engi neeri ng sol u t i  ons. 

A schematic view of the LH2 fue l  f a c i l i t i e s  envisioned a t  the a i rpo r t  i s  shown 
i n  f igure 7. Gaseous twdrogen i s  del ivered t o  the a i rpo r t  via p ipe l ine and 
thence t o  a l iquefact ion plant, where the hydrogen i s  l i que f i ed  and stored i n  

large cryogenic vessels. The LH2 i s  pumped through vacuum-jacketed pipel ines 
and i s  continuously c i rcu la ted around the perimeter of the a i r  terminal and 
returned t o  the storage vessels, wi th two LH2 l i n e s  f o r  redundancy. About 
15 percent of the LH2 placed i n  the a i r c r a f t  w i l l  evolve as hydrogen vapor, as 
a resu l t  of tank cool-down, resaturat ion of the LH2 i n  the a i r c r a f t  fue l  tank, 
b o i l  o f f  p r i o r  t o  fuel ing, and.displaced ul lage gas. The studies showed tha t  
i t  i s  desirable, from the standpoints of  cost and energy conservation, t o  
co l l ec t  the cold hydrogen vapors and t o  re l iquefy  them. Hydrogen vapor 
created by b o i l - o f f  i n  the storage vessels i s  also rel iquef ied.  The d i s t r i bu -  
t i o n  and co l l ec t i on  l ines are located e i ther  i n  open trenches or i n  pos i t i ve l y  
vent i lated tunnels, the construction of  which would not in ter rupt  a i rpo r t  
operations. The ground systems defined i n  the a i rpo r t  studies are completely 
enclosed and permit essent ia l ly  no hydrogen t o  escape. 

e 

Figure 8 i l l u s t r a t e s  i n  more d e t c i l  a process a t  each refue l ing hydrant. Each 
a i r l i n e  i s  provided with an appropriate number o f  f ue l i ng  hydrants. A hydrant 
truck i s  used t o  connect the hydrant t o  the a i r c ra f t .  Two l ines  are connected 
t o  the a i r c ra f t ,  one for del iver ing the LH2 fue l  t o  the a i r c r a f t  and one f o r  
re turn ing the cold hydrogen vapors f o r  relfquefaction. It was determined that 
turnaround times ( including fuel ing) for LH2 fueled a i r c r a f t  are consistent 
wi th  those of Jet-A fueled a i r c ra f t .  The most economical and energy e f f i c i e n t  
method f o r  handling the cold vapors would be a system which uses conven- 
t iona l  equipment and represents no par t icu lar  technical or operating 
d i f f i c u l t i e s ( ' * ) .  

The ground systems evolving from the LCH4 a i r c r a f t  systems study current ly 

being conducted by Lockheed, a re  qu i te  s im i la r  t o  those defirced f o r  LH2, Both 

the size and cost o f  storage and d i s t r i b u t i o n  f a c i l i t i e s  w i ? !  be less than f o r  

LH2. 
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ENVIRONMENTAL CONS1 DERATI ONS 

Combustion products and emissions resul t ing both from use o f  the three can- 
didate fuels i n  a i r c r a f t  engines, and from the production of the fuels from 
coal, o i l  shale, or other prime energy sources, are potent ia l ly  important 
environmental factors which warrant consideration. 

Carbon-based emissions from LCH4 fueled engines w i l l  be less than those from 
engines fueled with Synjet, whereas LH2 fueled engines would have none. A l l  
fuels w i l l  produce oxides o f  nitrogen (NOx) but lean burning(13) offers the 
potent ia l  f o r  drast ic reduction i n  NOX emissions from LH2 fueled engines. 

Water vapor emissions from LHz and lCH4 fueled engines w i l l  be approximately 
100 and 40 percent greater, respectively, than that of Synjet fueled engines. 
The environmental Gffects of such an increase i n  water vapor emissions remains 

a moot question. 

The t o t a l  mount of CQ2 which i s  ul t imately deposited i n  the atmosphere, by 
both engines and fuel production plants, is, f o r  fuels derived from carbon 
sources, roughly inversely proportionpl t o  the thermal e'ficiency with which 
the fuels are produced. This stems from the fact  that v i r t u a l l y  a l l  the car- 

bon i n  the prime energy source eventually ends up i n  the form of C o p  Because 
o i l  re f iner ies operate at  thermal ef f ic iencies an the order of  95 percent, 
compared t o  about 50 percent for  a l ternate fuel plants, the t o t a l  COz 
emissions f rom alternate fuels from coal or o i l  shale w i l l  be on tPc order of 
twice those from fuels produced from crude o i l .  Snould pract ical  means be 
found f o r  u t i l i z i n g  or disposing of COP, LH2 appears at t ract ive since a l l  of 
the CO2 i s  formed during production, and could be readi ly  captured. 

LHz can, o f  course, be produced via water electrolysis, u t i l i z i n g  nuclear 
f i ss ion  power or possibly future fusion power, thus avoiding any CO2 

production. 

The importance of C02 emissions i n  fuel  and process selection must a w a i t  the 
f indings o f  fur ther investigations i n to  the qupstion of  the Earth's Cop 
balance. 

TECHNOLOGY DEFICIENCIES AEIfi OPPORTUNITIES 

The fol lowing discussion addresses some of the technology deficiencies and 
cpportunit ies associated with alternate fuel production and crjofueled 
a i r c ra f t .  
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Fuel Production 

The potent ia l ly  least expensive and most thermally e f f i c i e n t  process f o r  
generating hydrogen iden t i f i ed  herein i s  ti,? continudus Steam-Iron process. 
This technique has been employed i n  "batch" type operations. Extending the 
technique t o  a continuous flow process requires generation o f  new technlogy 
which has been addressed by the I n s t i t u t e  of Gas Technology i n  Chicago, 
I l l i n o i s .  Recently, they operated a small p i l o t  plant continuously fo r  a 10- 
12 dqi t i m e  period and considerable encouraging information was obtained. 
There i s  much more t o  be learned, however, before the technology w i l l  be suf- 
f i c i en t  for f u l l - s i t e  plant design and operation. 

Hydrogen l iquefactign has k e n  shown t o  be both a costly and energy-consuming 
process; however, potent ia l  reductions i n  both cost and energy have been iden- 
t i f i e d .  Potential l iquefact ion pr ice reductions on the order of  eighteen 

percent have been ident i f ied,  with f i v e  percent achievable through the substi- 
t u t i o n  o f  centr i fugal compressors f o r  the piston compressors used i n  the 

hydrogen recycl ing section of  the l iquef ier .  Most of  the remaining th i r teen 
percent i s  ascociated with only pa r t i a l  ortho-to-para conversion o f  the hydro- 
gen during liquefaction, and potential improvements i n  compressor and turbine 
eff iciencies. Potential reductions i n  l iquefact ion energy requirements on the 
order of  twenty-five percent have been ident i f ied,  and are t i e d  t o  p a r t i a l  
ortho-to-para conversion, improved compressor and turbine eff iciencies, and 
reduction of leaks. 

I n  t i l e  production of methane, major opportunities l i e  ' i n  potential improve- 
ments i n  thermal ef f ic iency through the development o f  advanced technoloqy 
gas production processes. Present information indicates l i t t l e  difference i n  
methane pr ice between the current process and the advanced processes; however, 
the pr ice o f  methane from the more thermally e f f i c i e n t  processes w i l l  be less 

sensit ive t o  increases i n  coal price. 

Cryofueled A i r c ra f t  

Two prime technology-deficient areas i den t i f i ed  for L H 2  fueled a i r c r a f t  are 
fuel  pumps and cryoinsulation for  the fuel tanks. Both must be rel iable,  
f l i y h t  weiyht, and long lived. 

Pumps: A technology deficiency exists f o r  L H 2  pumps. The problem l i e s  with 
hiyh pump speeds (50,000 t o  80,000 rpm), and ineffectiveness of  L H 2  as a pump 



lubricant. While LH2 pumps f o r  space c r a f t  have design l ives on the order o f  
ten hours, most a i r c r a f t  equipment entering a f r l i n e  service fo r  the f i r s t  t ime 
has a minimal overal l  l i f e  expectancy of  1000 hours with good r e l i a b i l i t y .  
Pr ior  experience indicates very s ign i f icant  problems when b a l l  bearings are 

used i n  LHz pumps, and suggests use o f  other bearing types. Compliant f o i l  
bearings, currently used as a i r  bearings i n  the environmental support systems 
o f  some ai rcraf t ,  have exhibited l ives mny times that of  conventional 
bearings. A NASA-sponsored e f f o r t  (contract NAS1-15807) t o  assess the feasi- 
b f l i t y  of  compliant f o i l  bearing fo r  appl icat ion t o  LH2 pumps f o r  a i r c r a f t  i s  

current ly underway. 

Liquid methane's order o f  magnitude higher viscosity, and the r e l a t i v e  success 
already achieved i n  LCH4 pump development (14) indicate that  the technology 
requirements for satisfactory LCH4 pumps w i l l  be less than f o r  LH2. 

* 

Insulat ion: The LH2 a i r c ra f t  fuel system study(g), af ter  screening some 
f i f t e e n  candiate fuel tank insulat ion systems, i den t i f i ed  four systems as 
bsing superior. Two o f  these concepts were basical ly closed c e l l  foam 

systems, and the other two were vacuum insulat ion systems. A difference o f  
only three and four percent i n  d i rect  operating cost and fuel  consumption, 
respectively, existed between the four systems. Because the vacum systems 
inay have somewhat unforgivfng features should the vacuum be lost, the use o f  
closed-cell foam may be a more re l i ab le  approact!. Permeation o f  a i r  i n t o  foam 
insulat ions poses a potent ia l  problem i n  that select ive l iquefact ion o f  the 
constituents o f  a i r  causes excessive cryopumping, eventually adds mass t o  the 
system, and could cause the insulat ion t o  pop o f f  when the a i r c r a f t  i s  taken 
out o f  service and the tank i s  allowed t o  warm up. Development of gas perme- 
at ion barr iers may be required for  foam insulat ion systems. 

NASA-sponsored experimental studies(15) subjected 13 foams t o  the equivalent 
o f  4400 f l i g h t  cycles (exter ior  temperatures cycled between 316K t o  simulate 
ground hold, dnd 266K t o  simulate cruise a l t i tude) ,  990 a i r c r a f t  rcfuelings, 
and th i r teen tank warmups (inspection and maintenance simulation). The 
resul ts were encouraging i n  that two of the foams endured the cycles while 
providing good thermal performance. The foam specimens tested were f l a t  
specirnetls and no attempt was made t o  simulate the ef fects of penetrations such 
as fuel l ines or tank support struts. Further test ing i s  required t o  ascer- 
t a i n  the v i d b i l i t y  of foam insulations for  pract ical  appl icat ion t o  LH2 fuel 

tanks. 
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Cryoinsulat ion for LCH4 f ue l  tanks poses much fewer problems than does LHz. 
The combined e f fec ts  o f  higher temperature, higher heat of vaporization, lower 
gas thermal conductivi ty and speci f ic  volume, dnd lower tank surface area for 

L C b  great ly  reduce the insu la t ion  requircsents. I n  addition, the higher tem- 
perature of LCH4 precludes the selective l ique fac t ion  o f  the nitrogen and ow- 
yen o f  a w  a i r  which might permeate the insirlation. 

Engines: As stated i n  reference 16, much o f  the technology required t o  

u t i l i z e  LHz i n  comnercial transport a i r c r a f t  engines e i ther  exists or appears 
possible t o  be generated through straightforward developmental programs. 
There are, however, opportunities fo r  increasing the performance of LH2 fueled 

engi ires by taking advantage of  the coo'i i ng capacity and combustion charac- 
t e r i s t i c s  o f  LH2. Preliminary studies(') indicate about a f i ve  percent 
deCrCdSe i n  spec i f i c  fuel consumption may be possible by u t i l i z i n g  LHz t o  cool 
the turbine cool ing a i r  and by heating the fbel with the engine exhatst gas. 
These and other potent ia l  engine performance benefi ts warrant fu r ther  study. 

* 

SAFETY 

Safety i s  of  prtne importance i n  considering the use of  any new fuel for 
a i r c ra f t .  Replacement o f  gasoline wi th Jet-A fuel  ( kerosene) decreased 
a i r c r a f t  f i r e  hazards. A great deal o f  safety re la ted  information exists f o r  
Jet-A fuel,  and e f f o r t s  t o  improve i t s  safety aspects continue. Any fue l  
which decreases safety from the present level faces an u p h i l l  ba t t l e  i n  
achieving acceptabi l i ty. O f  the three al ternate fuels, only Synjet has well  
defined safety character ist ics since i t s  propert ies essent ia l ly  match those o f  
Jet-A. The safety o f  both o f  the cryofuels i s  poorly defined fo r  a i r c r a f t  and 
needs examination i n  each of three areas: fuel  s p i l l s  occurring a t  the 
a i rpor t ;  system fai lures onboard the a i r c r a f t ;  and post-crash a i r c r a f t  f i res.  

Fuel Spills 

Fuel s p i l l s  occurring due t o  accidents or unplanned incidents a t  the a i rpor t  
can release great quant i t ies of fuel. For LH2 and LCH4, detai led knowledge i s  
required o f  the physical behavior of the fue l  fo l lowing i t s  release. Ope 
important factor i s  the buoyancy or nonbuoyancy of  the ensuing vapor clor:d 
which c r i t i c a l l y  influences the hazard time and area affected by cloud d r i f t .  

More i s  known about LCH4 than LH2, slnce it i s  essent ia l ly  l i q u i f i e d  natural 
gas (LNG) which i s  being transported, stored and used throughout the world. 
Following a s p i l l ,  it i s  known t o  form a nonbuoyant cloud, but the phjs ical  
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characteristics and behavior of  the cloud as i t  spreads and mixes with the a i r  
require better definit ion. Toward t h i s  end, the United States Department of 
Erlergy i s  generating such information r e l a t i v e  t o  the safety aspects of 
Lffi(17) . 
For LHz, m quantftative large-scale post-spill behavior data are available. 
Qua l i ta t i ve  observations following LH2 s p i l l s  have been confl ict ing, d t h  a t  

least pa r t i a l  evidence of neutral buoyancy of the vapor cloud ex is t ing for a 
period o f  time. A NASA e f f o r t  has recently been i n f t i a t e d  t o  define the 
hazards associated W ~ C ' I  large ground-based s p i l l s  of LHz. These studies 
include vapor cloud behavior prior t o  ignit ion, and detonation and deflzga-  
t i o n  phenomena o f  the cloud should i t ignite. A key experisrent i s  planned 

u t i l i z i n g  s p i l l s  UP, t o  5-7 of L H ~ ,  i n  did t i e - h i s t o r y  masmeas of 
vapor cloud concentration and temperatures w i l l  be made t o  provide dhta fa 
the fo rmla t ion  and ver i f i ca t i vn  of vapor clot,! dispersfon d e l s  capable o f  
handling cloud buoyancy eifects. The experiments are t o  be carried art early 
i n  calender year 198G. 

Onboard Fuel System Hal f unct i 0 3  

Uncertainties arise regarding patentidl fuel problems onboard a i r c r a f t  #hen 
the fuel i s  stored within the fuselage. The storage & fuel w i th in  the wing, 
norma1;y employed for transport aircraft,  i s  not practIca1 for LHz because of 
the large fuel volume (four times that of Jet-A for a given energy content), 
and t , r r  sizable volume o f  tank insulat ion required. Studies indicate that  use 
o f  external wing tanks w l d  seriously degrade LHz a i r c r a f t  perforslance 
(32 percent m r e  fuel burned) as compared t o  a i r c r a f t  with fuselage tzmks. 

LCHq, while having rmch less volume fo r  a given e n e r g  content than LH2, alsc 
requires a t  least s m  fuseiaye fuel storage. Lines, valves, and other equip- 
ment would necessarily be located within the fuselage and extend the length o f  
the passenger compartinent when 00th fore and a f t  tanks are ut i l ized. The 
1 ioes  and equipr.ient o;:xaterat cryoteinperatures and mst be insulsted. L i t t l e  
i s  known abcut the long terrn-operational problems and r e l i a b i l i t y  o f  stich con- 
figurations. 

Planning has beeq in i t i a ted  by the NASA Lewis Research Center for studies 
related LO the safety ospects o f  onboard fuel system malfunctions for LHz and 

LCH4. 
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Post-Crash Fires 

The degree of hazards accompawing post-crash firw of aircraft are critically 
dependent on the time bistory of codustion and associated physical properties 
o f  the prothcts d combustion. fRus the likelihood, a t a m  and severity of 
fuel w s t m  ~ptrrm is of pipe CMC~FR. For 4 and LQb aircraft, the loca- 
tion of fuel tanks and dther system c a p o m a t s  n'thin the fuselage introduces 
additional considerations. TIM! post-craa behatriw of transport aircraft 
fuselages is not considered to be defined in sufficient detail, W e d  by 
accident statistics, to carry art meaningful hazard analyses of wch fuel 
Systems. 

The mixing of spilled fuel with air. end subsequent combustion will likely be 
cwi&ab?y diffedt fa 4 and LC~Q than for Synjet because of dtfferewes 
?n factas such as fwl teaperatwe, rPixing rate, and buoyancJr. The 
unpublished k i n g  study. referred to earlier, considered these factors. 
Tentative conclusionc were as follars: loss of life, injury a d  damage 
resulting f rom aircraft crash may well be less with LH2 t!m with Jet-A, also, 
loss of life, iqury. and danrage resulting from aircraft crash may be geater 
with LC% than with LH2. 

The WaSA Lewis Research Center is also initiating studies to address the 
hazards associated with post-crash fires of cryofuels. 

C(mcLUDI)(G R E W K S  

Liquid hydrogen (L%), liquid methane (LCJQ), and synthetic aviation kerosene 
(synjet) have been evaluated and canpared as jmtential alternate fuels for 
coaslercial aviation. The evaluation, based upon inforwat'w derived frm both 
government and industry studies, indlcates all three fuels to be technically 
viable. 

Synjet i s  considered to be the most attractive alt mate fuel for near term 
use. Current technology makes possible its producticn with the most efficient 
use of coal or oil shale resources and at the lowest prices (about $0.75 per 
U.S. gallon for Synjet from oil shale). The capital requirements for its pro- 
duction and transportation.to the airport would also be the least, if the pro- 
duction capital requirements are prorated according to the Synjet fraction 
(about 25 percent) of the total energy products manufactured. The capital 
requirements,nould amount to 1581, 1727 and 1927 million dollars for Synjet, 
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hydrogen and methane, respectively, suf f ic ient  t o  supply the 325 terrajoules 
o f  energy per day required for the Chicago O'Hare A i r p o r t .  Since i t  can be 
produced with properties ident ica l  t o  Jet-A fuel, it can be used i n  present 
day a i r c r a f t  wi th  no m d i f i c a t i o n  t o  the a i r c r a f t  01" t o  the a i rpor t  fuel  
storage and d i s t r i bu t i on  system. 

With regard t o  cryogenic fuels, thz technology s tate o f  the art i s  con- 
siderably hetiind that for Synjet. I den t i f i ed  advanced technology production 

processes for  lrpthane and hydrogen require fur ther developraent t o  reach t h e i r  
pcrtential which cwld resul t  -in savings of  10 t o  20 percent over Synjet i n  
e m g y  resource ut i l izat ion.  Liquefaction and storage of the cryogenic fuels 
are dlso rg. r i red with addit icnal f s c i l i t i e s  needed a t  the a i rpo r t  (nhich for 
the Chicago 0'Hare.Airport would amount t o  1122 and 597 m i l l i o n  dol lars  for  
l i q u i d  hydrogen ;nd l i q u i d  ethane respectively). New a i r c ra f t ,  designed 
speci f ica l ly  f o r  the cryogenic fuels, w i l l  be required i v  f leet operations t o  
accomodatc? thc nuch greater tankage volume (less energy per u n i t  volume f o r  
cryofuels plus cryoinsulat ion on the outside of the tanks). Technology def i -  
ciencies ex is t  f o r  cryoinsulat ion and cryopuaps. Also the safety aspects 

associated with the use of cryofuels are poorly understood a t  best. 

O f  the two cryofuels, l i q u i d  hydroFn promises advantages through: less a i r -  
craf t  w h r d  energy consumption (up t o  20 percent for long range f l i g h t s )  and 

energy resource u t i l i za t i on ;  and less environmental emissions and combustion 
products. 

6y the same toicen, l i q u i d  =thane praaises advantages over l i q u i d  hydrogen 
through: better fuel production thermal eff iciencies; a 35 percent lower fuel  

price; s l i g h t l y  lcwer capi ta l  requirements; a somewhat lower passenger t icket  
p r i ce  ($4 more than Synjet for a 2800 kn! t r i p  versus $10 m e  for l i q u i d  

hydrogen); and considerably less severe problems i n  a i r x a f t  cryoinsulat ion 
and cryopumps. 

The overriding factors which make Synjet the most a t t ract ive alternate fuel  f o r  
near term use are i t s  cuperior production economics and eff iciencic j. New 
technologies for producing the cryofuels my change th i s  picture i n  the 

futiwe, but the development of such technologies i s  not generally considered 
t o  be i n  the province of NASA. Should a decision be made t o  pursue a near- 
term cryofueled a i r c r a f t  f l igh,  demonstration program, l i q t i i d  hydrogen would 
appear t o  be a logical  choice, since :elutions t o  the a i rcraf t - re la ted 
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problems for l i q u i d  hydrogen would, i n  general, provide solutions fo r  those of 
l i q u i d  methane. The technical problem areas i den t i f i ed  fo r  cryofueled a i rc ra f t  
and for safety are being addressed by R N A  at a deliberate research pace. 
This pace would have t o  be increased substant ia l ly  i f  corrnitment were made t o  
support u program o f  cryofueled transport a i r c r a f t  development, system 
demonstration and qerat ion.  

APPEND I X 

This appendix provides a Bm'e detailed description of the various al ternate 
fuel production and l iquefact ion processes and of the methodology and assump- 

t ions used i n  a r r i v i ng  a t  values of fuel production efficiency, and the 
economies of fuel prpduction, liquefaction, storage, and distr ibut ion.  

Fuel Production Processes 

Gaseous hydrogez: O f  the three hydrogen production processes investigated, 
only the continuous SteacI ron process was spec i f i ca l l y  developed fo r  hydrogen 
production. The other two processes , Koppers-Totzek and U-GASTH, a1 though not 
developed speci f ica l ly  f o r  the production of hydrogen. lend themselves qui te  
read i l y  t o  i t s  production. Koppers-Totzek i s  a comaercially available 
process, and the U-GASm and continuous Steam-Iron processes have reached the 

p i l o t  plant stage of development. 

For  the cont inws Steam-Iron process, hydrogen i s  generated &! reacting i ron  
oxide (ferrous oxide, FeO) with steam and decomposing .the steam t o  produce 

H2 and ferrosoferr ic oxide (FegOq). The H2 i s  removed and the FegOq i s  sent 
t o  a reductor where i t  reacts with a producer gas. The CO and H2 i n  the 

producer gas react wi th the Fe304 t o  produce CO2, H20, and the FeO required 
f o r  reuse. The producer gas i s  supplied t o  the reductor by a gas i f ier  which 
i s  i n  turn fed by coal, steam, and a i r .  Because Wdrogen i s  not derived from 
the producer gas, a i r  can be used i n  the gasi f ier  i n  place o f  oxygen; and 
nitrogen cannot contaminate the hydrogen because 3f the i ron oxide barrier. 
The spent producer gas. having reduccd the Fe304 t o  FeO s t i l l  contains some CO 

and H2 and can be burned t o  produce a large mount o f  e l e c t r i c i t y  as a by- 
product. 

The Koppers-Totzek Process has been d conmercial l y  available process for about 
25 years The gasi f icat ion occurs a t  a s l i gh t l y  posi t ive pressure and a t  a 
tsnp,:r,?ture of 2089k, producing a gas whose composition i s  about 27 molecular 
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percent H2 and 51 molecular percent CO. The steps which fo l low the primary 
gasi f icat ion are basical ly a water-gas sh i f t  where CO i s  combined wi th  steam t o  
produce inore H2, and a methanation step (a process whereby the remaining CO i s  

reacted with H2 t o  produce CH4). For the case of hydrogen production, the 
methanation i s  nerely a cleanup step t o  get r i d  o f  the excess CO. 

The U-GASiM process i s  typical of newer coal gasi f icat ion processes which are 
beiny developed t o  produce synthetic natural gas. The gasi f icat ion occurs a t  
a pressure of 2413 kPa and at  a temperature o f  1311K, producing a gas whose 
composition i s  31 molecular percent HZ and 43 molecular percent CO. Again, 
the steps which fo l low the primary gasi f icat ion are a water-gas sh i f t  t o  pro- 

duce inore H2, and a methanation step fo r  cleanup o f  the remaining CO. 

Gaseous methane: The two methdne production processes investigated were the 

HYGAS @ *nd C02-Acceptor processes, both o f  which are representative of 
advanced technology processes for producing synthetic natural gas (which i s  
mostly CH4). I'hese processes have both reached the p i l o t  plant stage o f  deve- 
1 oprnen t . 

e 

I n  the HYGASB process, two reaction zones are stacked on top o f  a gasif ier. 
The producer gas froti! the gas i f ier  r ises up throvgh the upber zones and the 

H2 from the gas rezcts with the cod; t o  produce CH4. About ha l f  of the 
CH4 produced by the HYGAS @ process i s  produced i n  the gasif ier/reaction 
vessel, while the other ha l f  i s  produced by rethanation o f  the remaining 
e f f luen ts  of the yasif ier/reaction vessel. 

The C02-Acceptor process uses no oxygen. The heat required t o  drive the reac- 
t i o n  of steam with coal i s  provided by the highly exothermic reaction of 

C02 wi th  dolomite (MgO-CaO), which i s  showered in to  the gasif ier. P a r t  of the 
CO2 is supplied by the reaction of the steam with the coal and the rest  i s  
scpplied by a separate regenerator vessel where CO2 i s  driven out of the spent 
dolomite by heat. About 37 percent of the CHq i s  formed i n  the gas i f ier  and 
the remainder by methanation of the remaining gas i f ier  effluents. No CO s h i f t  
i s  required. 

Synjet: I n  the analysis o f  coal-derived Synjet, i t  was assumed that the 
feedstgck used for the production of the Synjst would be produced by the 
Consol Synthetic Fuel (CSF) process. The CSF process i s  representative o f  the 
"extraction" type processes i n  which coal i s  dissolved by being mixed with a 
l i q u i d  solvent. Hydroycn i s  trdnsferred t o  the dissolved coal either by 
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introducing lvdrogen gas i n t o  the mixing process OT by prehydrogenating the 
solvent, a f te r  which the solvent acts as a bdrogen donor during the mixtng 
process. The required bdrogen i s  produced by the gas i f icat ion of char 
(devo l i t i l i zed  coal) wi th steam and ovgen. The eFfluent from the CSF reactor 
y ie lds  a variety of tvdrogenated yases and l iquids, plus the solvent i t s e l f ,  
which i s  then rehydrogenated and recycled t o  the reactor. The heavy o i l  
l i q u i d  product of  the CSF process i s  hydroprocessed t o  produce Synjet. The 

hydrogen for hydroprocessing i s  manufactured from 65 percent o f  the high Btu 
gas product of  the CSF process. High Btu gas, naptha, sulfur, and amnonia 
are credited as by-products. 

Fuel Production Thermal Eff ic iencies 

Thermal eff iciency. i s  defined herein (unless otherwise stated) as the lower 
heating value of  a l l  eneryy products coming out o f  a process, divided by the 
lower heating value of a l l  the energy going i n t o  the process. Data(3) were 
modified t o  r e f l e c t  the lower heating values of the fuels since the la tent  
heat o f  vaporization o f  water i n  the combusticn products i s  not recovered i n  
tne actual combustion process i n  an a i r c r a f t  powerplant. A l l  calculat ions 
were done i n  engineering uni ts and la te r  changed t o  the International System 
o f  Units. The thermal cf f ic iencies derived from the fue l  production 
~ t u d i e s ( ~ ' ~ )  are l i s t e d  i n  table I .  I n  the case o f  hydrogen and methane, 
thermal e f f ic ienc ies are l i s t e d  f o r  production of fdels i n  both t h e i r  gaseous 
and l i q u i d  forms. I n  the case o f  S;njet, thermal e f f ic ienc ies are shown fo r  
the production o f  synthetic crude o i l  (Syncrude) and Synjet. 

Gaseous hydrogen and methane: Two thermal ef f ic iency values are shown i n  
table 1 for the production of gaseous hydrogen produced via the Steam-Iron 
process (58 and 75), and for gaseous methane produced v i a  the COz-Acceptor 
process (63 and 66). A by-prod&, o f  the Steam-Iron process(3) i s  a low Btu 
gas known as "speni producer gas." The spent producer gas i s  avai lable a t  a 
pressure o f  2515 kN/$ and a temperature of 1100K, and i t s  lower heating value 

plus sensible heat correspond t o  approximately 50 percent of the lower heating 
value of  the coal input t o  the process. Systems studies(3) determined the 
spent producer gas could be best u t i l i z e d  by burning i t with compressed a f r  i n  
d combustor, follow>?d by an expansion through gas turbines t o  produce e lec t r i -  
c i t y  and shaft power for a i r  compression. The expanded gas i s  then used i n  a 
steam-power cycle t o  generate steam and more e lec t r i c i t y .  Af ter  a l l  plant 
energy requirements have been f u l f i l l e d ,  a large e lect r ica l  power by-product 
s t i l l  remains. Depending upon whether the remaining e lec t r i ca l  power or the 
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spent producer gas (heating value plus sensible heat) u t i l i z e d  i n  i t s  genera- 
t i o n  i s  credited as a by-product, the thermal ef f ic iency o f  producing gaseous 
hydrogen i s  58 percent or 75 percent. A somewhat s imi lar  s i tuat ion existed i n  

the case of the Cop-Acceptor process when a by-product low Btu gas a t  elevated 
temperatJre and pressure i s  converted t o  by-product e lec t r i ca l  power. 
Depending upon whether the by-product e lec t r i ca l  power or the gas (heating 
value plus sensible heat) u t i l i z e d  i n  i t s  generation i s  credited as a by- 
product, the thermal ef f ic iency of producing gaseous methane via the CO2- 

Acceptor process i s  63 percent or 66 percent. 

LH7 (Koppers-Totzek and U-GASTMl: Four thermal e f f ic ienc ies are l i s t e d  for 
both the Koppers-Totzeh and U-GAS- processes f o r  producing LH2, two of which 
assume current bdrogen l iquefaction technology (30, 35 8 33, 35), and two of 
which assume advanced l iquefaction technology (34, 40 1 38, 40). The two 
thermal e f f ic ienc ies l i s t e d  for each l iquefaction technology re la te  t o  the 
manner i n  which a by-product ( " t a i l  gas") of the l iquefact ion process i s  cre- 
dited, and the manner i n  which e lect r ica l  power f o r  the l iquefact ion process 
i s  generated. The f i r s t  stage of the l i que f i e r  consists of a pu r i f i ca t i on  
u n i t  whose purpose i s  t o  pur i fy the hydrogen t o  liquefaction-grade qual i ty  t o  
permit cooling t o  the hydrogen l iquefact ion temperature without plugging the 
equipment with freeze-out. Impurity levels i n  the order of  one part  per 
m i l  1 ion t o t a l  conkr l t  of nonhydrogen species are typ ica l  f o r  t h i s  purpose. 
The impurit ies i n  the hydrogen feedstock emerge from the p u r i f i e r  i n  a product 
ca l led " t a i l  gas." The heating value and constituents o f  the t a i l  gas depend 
upon the composition of the hydrogen feedstock. The.combustibles i n  the ; a i l  

yas consist of the CH4, and CO present i n  the feedstock, plus., i n  the case of 
the pu r i f i ca t i on  process (4 ) ,  a volume o f  hydrogen equal t o  45 percent of  the 
t o t a l  volume of the t a i l  gas. The heating value of  the t a i l  gas can be as 
much as 20 percent of  the heating value Df  the l i q u i d  hydrogen product. 

The lower value of  thermal eff iciency l i s t e d  f o r  each l iquefact ion technology 
represent the on-site conversion of  the t a i l  gas t o  e lec t r i ca l  power (assuming 
a 40 percent conversion eff iciency) t o  supply part o f  the l iquefact ion energy 
requirements. It i s  assumed herein that the balance of the e lect r ica l  power 

f o r  l iquefact ion i s  supplied by o f f - s i t e  generation a t  40 percent efficiency. 
The higher values of thermal ef f ic iency l i s t e d  for  each l iquefact ion tech- 
nology represent t o t a l  o f f - s i t e  e lect r ica l  power generation a t  40 percent 
eff iciency, and the credi t ing of  the heating value of the t a i l  gas as a hy- 

product. Although the generation of e lec t r i ca l  9ower a t  an ef f ic iency 
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of 40 percent exceeds that which i s  current ly obtained i n  practice, achievement 
of such an ef f ic tency appears r e l a t i v e l y  close a t  hand (18). Total of f -s i te 
e lec t r i ca l  power generation i s  probably a more reasonable approach because the 
construction of an e lec t r i c  genera t f v  plant wi th jn  the confines of an a i rpor t  
would require land area f o r  the plant s i te,  clad I:?d area i s  a prilne concern o f  
inany airports. !n addition, the operation o f  an e lec t r i ca l  generating plant a t  
the a i rpor t  would add addit ional comp?exities t o  the t o t a l  a i rpor t  system. 

LH7 (Steam-Iron).- The t h e m 1  ef f ic ienc ies l i s t e d  i n  tab le 1 for  LH2 produced 
by the Steam-Iron process require fur ther explanation. As mentioned previously, 
a spent producer gas evolves as a by-product from the Steam-fron process. 
Because of the very low heating value of the spent producer gas , 1 3 2  W / d  and 

3-2 M/d inc luding sensible heat), it i s  somewhat impracticable t o  transport 
the yas t o  a potential o f f - s i t e  user, and thus c red i t  i t  as a by-product. 
However, because the gas emerges a t  an elevated tentperature and pressure, con- 
siderable e lec t r i ca l  power could be generated a t  the gaseous hydrogen production 
s i t e  as dcscribed previously. The e lec t r i ca l  power generation potent ia l  i s  
approximjtely twice that reqllired t o  l i q u i f y  the hydrogen. 

There are a var iety of bookkeeping methods which can be Qt i l ized i n  calcu- 

l a t i n y  the thermal efficiency of LH2 produced via the Steam-Iron process. 
Four such methods and the r e s u l t ' i g  calculated thermal e f f ic ienc ies are shown 
i n  table A-1, f o r  both current and advanced l iquefaction technologies. I n  

irrethod (A), i t  i s  assunled that an appropriate amount o f  e lec t r i ca l  power from 
the power recovery section of the Steam-Iron process i s  transmitted (with no 
l i n e  losses assumed) t o  the point of liquefaction, and. that the e lect r ica l  
power i n  excess of that required for l iquefaction i s  credited as a by-product. 

The t a i l  gas from the l iquefaction process i s  credited as also a by-product. 
Method (8) is the same as method (A) except the excess e lec t r i ca l  power i s  
credited as a by-product and i s  expressed as the heating value plus the sen- 
s ib le  heat of the port ion Gf the spent producer gas which is used t o  produce 
the excess power. This method does not amount t o  double bookbneping, since 
the only reason the spent producer used t o  produce the excess power i s  not 
transmitted r J t  o f  the plant as a by-product i s  that i t s  sensible heat 
(which i s  o f  value i n  the e lec t r i ca l  generation process) would be l os t  i n  
transmission, and that the low heating value of the gas makes it smwhat  
impracticable to  transmit over s igni f icant distatices. I n  method (C), i t  i s  
assumed that e lect r ica l  power for hydrogen l iquefact ion i s  generated o f f - s i t e  

a t  40 percent efficiency. The spent producer gas i s  converted t o  e lect r ica l  
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power, a l l  o f  which i s  credited as a by-product. The t a i l  gas i s  also cre- 
d i t e d  as a by-product. Method (D) i s  the same as method (C) except the e l e c t r i -  
ca l  power by-product i s  credited as the heating value plus the sensible heat of  
spent producer gas used t o  produce the e lec t r i ca l  Gower. The calculated thermal 
ef f ic iencies for LHz produced via the Steam-!rnn pr-Ces!; are seen t o  range from 
42 t o  55 percent for  current l iquefact ion technology, and from 47 t o  60 percent 
for  advanced 1 i quef act i on techno1 ogy. 

!%I.- It has been assumed herein that 10.6 percent o f  the gaseous methane from 

the HYGA!i@and CopAcceptor processes was u t i l i z e d  t o  l iquefy  the methane. This 
value i s  i n  keeping with current large scale natural gas l iquefact ion plants. 
L iqu id methane produced by the HYGAPprocess had the highest thermal e f f ic iency 
(63 percent) of all. the l i q u i d  fuel processes investigated. 

Boeing Study: Listed i n  tab le 1 are the resul ts  of heretofore unpublished 

thermal efficiency data froin an in-house study of LH2. LCHq, and Synjet, con- 
ducted by the Boeing Commercial Airplane Company. Commercial process names were 
not assiyned, but, instead, generic terms were used t o  describe what are essen- 
t i a l l y  comiiercially available processes. Par t ia l  Oxidation, the production o f  a 
synthesis gas by combining coal a i r ,  and steam i n  a gasi f ier ,  is followed by 
appropriate water-gas sh i f ts  and methanation steps t o  produce gaseous hydrogen 
or methane. Three Synjet processes were included i n  the Boeing study, two using 
coal as an energy source and one using o i l  shale. One coal-to-Synjet process 
was the Donor Solvent type, where hydrogen, produced wi th in  the process, i s  
added to  a solvent and the solvent i n  turn transfers the hydrogen t o  the coal t o  
produce a syncrude, which i n  turn, i s  upgraded t o  produce Synjet. The other 

coal-to-Synjet process, gencrical l y  referred t o  as the SASOL Synthesis, was an 
adal t ion of  the Fischer-Tropsch process whereby coal i s  essent ia l ly  completely 

gasi f ied t o  a synthesis or producer yas (a gas r i c h  i n  CO and 112). The gas i s  
pur i f ied  and then converted t o  l i q u i d  hydrocarbons by reaction i n  the presence 
o f  a suitable catalyst. By proper selection of  catalysts and operating con- 
d i t ions  (pressure and temperature), a large variety o f  products can be made, 
including chemicals, subst i tute natural gas, l iquef ied petroleum gas, gasoline, 
kerosene, diesel o i l ,  fuel o i l ,  and Synjet. Upgrading o f  the Synjet i s  not 
required. This type of process has been i n  commercial use for two decades jt a 
plant of the South African Coal, O i l  and Gas Corporation, Ltd. (SASOL). The 
o i l  shale-to-Synjet process was described merely as surface Retort, t o  
d is t inyu ish i t  from dn i n -s i tu  process where the o i l  i s  extracted from the shale 

without removing the shale from the ground. 
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Fuel Prices: The pr ice an a i r l i n e  must pay f o r  fuel  i s  a v i t a l  factor i n  com- 
mercial aviation, pa r t i cu la r l y  since the pr ice o f  aviat ion kerosene has 
Increased by a factor o f  about f i v e  over the past seven years, Alternate fuels 
w i l l  be even more expensive. The pr ice an a i r l i n e  pays f o r  fuel  must include 

the pr ic ing elements associated with the manufacture of the fuel, i t s  
transmission t o  the alrport,  the fuel  storage and d i s t r i bu t i on  f a c i l i t i e s ,  and 
the fueling, services at the airport.  Table 2 contains a breakdown of the ele- 
ments associated with the pr ice the a f r l i n e  might expect t o  pay for LH2, LCH4, 
and Synjet. The pert inent fuel  production ~ t u d i e s ( ~ ’ ~ )  included economic analy- 
ses which hme been updated t o  r e f l e c t  projected mid-1980 dol lars and a 
IS percent discounted cash flow f inancial  accounting method, a method which i s  
more i n  keeping with current practice. Basic features o f  the f inancial  
accounting method y e  as follows: 

Project l i f e  20 years 
Depreciation 16-jear sum o f  d i g i t s  on t o t a l  plant 

i nves tmerlt 

Capital 100 percent q u i  ty  

DCF return ra te  15 percent 
Federal income t a x  (FIT) 48 percent 
Return on investment dcring DCF re turn rate X 1.876* years X t o t a l  

construct ion plant investment 

Otker factors we used i n  the cost estimates are: 
Plant stream factor 90 percent 
Contingencies 
Contractor’s overhead 2 pro f i t  
Start-up cost 5 percent of t o ta l  plant investment 

15 percent of  insta l led plant cost 
15 percent o f  t o t a l  plant cost 

Working capi ta l  Coal inventory (60-dqy feed a:. r..,ll 

Material and supplies (0.9% o f  t o t a l  
ra te )  

plant investment ) 
Net receivables (1/24 X annual revenue 

received) 
* 10 percent f o r  3 years, 90 percent f o r  1.15 years. 

The fuel costs shown i n  table 2 are based on a c03i cost of  $0.85165, and i t 

i s  assumed that e lect r ica l  power i s  both purchdxd and sold for  $6.33/GJ 

(3ZIkWh). I t  i s  also assumed that the t a i l  gas from the hydrogen l i que f i e r  i s  
sold as a by-product f o r  $4.74/GJ. Economic analyses were not performed on 

the COpAcceptor process for  methane production. It was assumed that gaseous 
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hydroyen and methane, and Synjet would be produced a t  the s i t e  of the coal 
mine and would be transported via pipel ine over an a r b i t r a r i l y  selected 
distance o f  1600 km, The pipel ine transmission data are derived from the 
Boeiny study (unpublished data). The s l i g h t l y  higher ‘transmission cost f o r  
hydrogen v i a  the Koppers-Totzek process resul ts from the fac t  that  the economic 
awlyses were done fo r  a process(4) whose product gas evolved a t  a lower 
pressure than the other two hydrogen processes. This gas would require addi- 

t ional  compression. 

Results of the economic analyses, from the previously discussed unreported fuels 
study conducted by Coeing, are shown i n  table 3. The fuel p r ice  data have 
have revised, by Boeing, t o  r e f l e c t  rid-1980 dol lars and the same f i n a x i a l  
accountiny method, caal cost, and e lec t r i ca l  power costs used herein. The pr ice  
element associated with the 1600 krn pipel ine transmission have been scaled down 
t o  r e f l e c t  the shorter distance than the or ig inal  2092 km. Two methods o f  
hydroyen and methane l iquefact ion were considered. One method u t i l i z e d  pur- 
chased e lec t r i ca l  power ($8.33/65) for l iquefact ion o f  the gases, and the other 
( integrat ion system) u t i l i z e d  part  of the gaseous feedszock t o  provide the power 
fur yas liquefaction. The Boeing.study also considered Synjet derived from o i l  
shale and assumed that the oi l-bearing shale cost $7.72/Mg and had an o i l  con- 

tent  of 0.146 M3/Mg. Synjet produced ei ther from coal v i a  SASOL Synthesis, from 
o i l  shale were the lowest priced fuels o f  the Boeing study. 

Hydroyen Liquefaction: The three values shown fo r  the pr ice of l iquefying the 
hydrogen re f l ec t  current and advanced l iquefact ion technolcgies, and the pro- 
duction and s a l e  (at $220/kg) o f  heavy water as a by-prodicct. The heavy water 

are based OF current 1 iquefaction technology, and 
for lowering the pr ice  o f  hydrogen l iquefaction. 

p r ice  benefi ts shown here 
show the greatest potentia 

Heavy water: Heavy water 
capture cross section only 

(deuterium oxide), D20, because it has a neutron- 
about 600 times less than the capture cross section 

o f  l i y h t  water, i s  used i n  some nuclear power plants as a moderator; that  is, 
a substance that i s  effective i n  slowing the high velocity neutrons released 
i n  the f iss ion o f  U-235 so that they are max ima l l y  ef fect ive i n  s p l i t t i n g  
other nuclei of U-235. The use o f  heavy water permits the use o f  natural ura- 
nium as a fuel and avoids the expensive uranium enrichment process required t o  

produce fuel fo r  l i y h t  water reactors. Early i n  the development o f  nuclear 
power sources, when heavy water was used as a neutron moderator, the d i s t i l l a -  
t i o n  of l i q u i d  hydrogen was recognized as the most at t rac t i ve  o f  several 
avai lable methods for the recovery o f  deuterium. The attractiveness o f  t h i s  
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nethod exists, however, only f o r  si tuations where 1 iqu id hydrogen production 
i s  the p r inc ip le  a c t i v i t y  and the deuterium recovery un i t  i s  paras i t ic  t o  the 
l i q u i d  wdrogen plant. With the i ns ta l l a t i on  of  massive production f a c i l i -  

t ies,  each of which could supply 26.25 kg/s of  l i q u i d  hydrogen t o  meet comer- 
cia1 aviat ion needs, there i s  a potent ia l  source of deuterium of 1.053 Gg of 
heavy water from each f a c i l i t y  per year. 

A study(6) investiyated the addit ion of  a heavy water plant t o  a hydrogen 
l iquefact ion plant. The cost and energy requirements f o r  such a plant and the 

economics of producing heavy water as a salable by-product were determined. 
Brsical ly,  the process consists o f  the fract iona? d i s t i l l a t i o n  o f  l i q u i d  

:.ydrogen t o  recover deuterium, D2, and the subsequent reaction o f  02 wi th  
oxygen i n  a burner t q  form D2O. It was determined that 1.42 kg of  D20 would be 
produced f o r  each Mg of lydrogen liquefied. Addition o f  the heavy water plant 
resulted i n  a 12 percent increase i n  t o t a l  plant investment, and increased the 
t o t a l  e lec t r i ca l  power requirement by 9 percent. It was assumed that oxygen 
f o r  duetetiuin cornbustion i s  purchased a t  a cost of $0.11/m3. I n  the United 

States, D20 current ly se l ls  f o r  about $220/kg. It was determined that the sale 
Of 020 a t  $220/kg has the potential of reducing the pr ice elercent associated 
wi th  hydroyen l iquefact ion by $1.62/GJ. 

Recovery o f  deuterium from large l i q u i d  hydrogen insta l la t ions i s  seen t o  be 
highly prof i table; however, such p r o f i t a b i l i t y  i s  qu i te  dependent upon main- 
ta in ing the assunied inarket pr ice of $Z2O/kg under the assault of producing 
such large quanti t ies of heavy water. The annual output o f  1.053 Gg f rom a 
single 26.25 kg/s l i q u i d  hydrogen f a c i l i t y  i s  about equal t o  the t o t a l  
current output o f  the Canadian heavy water industry and about 20 percent of 
the to ta l  planned capacity f o r  the early 1980's. No p r o f i t  can be made from 
the sale o f  heavy water i f  i t s  pr ice f a l l s  below $62/kg. 

CH Liquefaction: The methane l iquefact ion cost i s  obtained from a p r i o r  study dl with the exception that 10.6 percent of  the gaseouc methane feedstock i s  
used to  generate parer fo r  liquefaction, rather than 13 percent. 

Fuel Storage and Distr ibution.- NASA-sponsored have been made 

o f  the price of stor ing and d i s t r i bu t i ng  LH2 t o  hydrogen-fueled a i r c r a f t  a t  
airports. In a United States Department o f  Energy-sponsored study (19) the 

cost data o f  two p r i o r  studies by Boeing(l0) and Lockheed(ll) were updated t o  
r e f l e c t  1980 dol lars and a discciunted cash f l o w  (DCF) method of f inancial  
accounting irlethod qui te s i m i l a r  t o  that used herein. The updated LHz storage 
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and d i s t r i bu t i on  p r i ce  from the Boeing study was determined t o  be $2.04/GJ, 
approximately twice that  o f  Lockheed, thus leaving great uncertainty as t o  the 
p r i ce  which should be assigned t o  t h i s  element. Furthermore, i n  the United 
States it. i s  a common pract ice fo r  a i rpor ts  t o  fund f a c i l i t i e s  through revenue 
bonds issued by the a i rpo r t  author i ty (lo). Usually, t h i s  y ie lds  lower in te res t  
rates f o r  the required capital,  and o f fe rs  favorable tax advantages when coni- 
pared t o  d i rec t  p r iva te  f inancing (DCF inethod). Fuel storage and d i s t r i bu t i on  
pr ice  can be approximatley halved i f  f inancing i s  handled v ia  the revenue bond 
method, y ie ld ing  a fue l  p r ice  element, based on the f a c i l i t y  costs( lO) ,  of about 
$1.00/GJ for  LH2. As a compromise, a value of $1.50/GJ i s  used herein f o r  LH2. 

The NASA-sponsored study current ly being conducted by the Lockheed-Cal i f o r n i a  
Company includes an,asscszliient of LCH4 storage and d i s t r i bu t i on  price, but the 

resu l ts  are not avai lable a t  t h i s  time. The LCH4 storage and d i s t r i bu t i on  pr ice  
used herein i s  $0.75/GJ, or one-half that of LH2, which i s  the f rac t i on  used i n  
the U.S.D.O.E. study(19). A pr ice of  $D.O8/GJ i s  assigned t o  the storage and 
d i  s t r i but i on of Syn j e t .  

CAPITAL REQUIREMENTS 

?he capi ta l  requirements of the systems required t o  manufacture, transport, 

m d  store LH2, LCH4, and Synjet at a rilajor a i rpor t  are shown i n  tab le 4. The 
data were taken from the unpublished Boeing study, which assumed that  fuel 
requirements fo r  the a i rpor t  were 325 TJ per day, a value comparable t o  current 
f ue l  requirements fo r  a1 1 a i r c r a f t  a t  Chicayc's O'Hare In ternat ional  Airport. 
No adjustments were made fo r  any differences i n  a i r c r a f t  fue l  requirements bet- 

ween LH2, LCH4, and Synjet a i r c r a f t ,  and fue l  d i s t r i bu t i on  system costs w i th in  
the a i rpo r t  were not included. The Boeing data have been escalated froin 1978 
do l la rs  t o  1980 dollars, assuming eight percent escalat ion per year, and pipe- 
1 ine transriiission distances have been adjusted t o  1600 km. 

The t o t a l  cak i ta l  requirements fo r  synthetic fuels plants, pipelines, l iquefac- 
t i o n  plants, and storage f a c i l i t i e s  fo r  each fuel are those l i s t e d  a t  the bottom 
o f  tab le 4. The electr ic i t ;  used i n  production of  hydrogen by water elec- 
t r o l y s i s  can be generated from LL-ious sources. For t h i s  analysis, only nuclear 
generation i s  considered, t o  cover Ll;e options which would avoid dependence on 
f o s s i l  fuels. The capi ta l  requirements shown are about 30 percent gredter than 
i f  coal were used and roughly three t i m e s  that required fo r  producing LH2 froin 

coal by the P a r t i a l  Oxidation process. The capi ta l  requirements for producing 
l i q u i d  methane were obtained for  only one pruccss. For Synjet, two values of 
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t o ta l  capi ta l  requirement are shown fo r  each of three orocesses. The hisher 
values shown represent the capital requirements fo r  the en t i re  plant, whose 
Synjet product m y  represent perhaps only 25 percent of i t s  t o t a l  fue l  product 
output which would be sold. Thus, the capi ta l  requirements f o r  Synjet ron- 
sidered appropriate are the lower values shown i n  parenthesis, which represent 
the f ract ional  share associated wi th  only the production o f  Synjet. 
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Fiyre 1. - Thermal efficiencies of alternate fuels production processes. 
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Figure 2. - Prices of alternate fuels delivered to the aircraft (1980 dollars). 
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Figure 4.  - Onboard energy consumption o f  l i q u i d  hydrogen and l i q u i d  methane 
a i r c r a f t ,  r e l a t i v e  t o  Syajet  a i r c r a f t .  Fuel production energy not included. 
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Fiyure 5.- Energy resource utilizatioti efficiency of liquid hydrogen dnd liquid 
methane aircraft, reldtivc t o  Synjet iiircraft. Fuel production enerw included. 
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Mission fue! Vrice per seat for aircraft operations. Assumed 
fuel price per GJ: LH2 = $11.58, LCH4 = $8.39, Synjet = $6.20.  



Figure 7.- Scherciatic arrangement of  a hydroyen l iquefact ion,  storage, and 
distribution system a t  an a i rport .  
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Figure 8.- Fuel iny of  a l i q u i d  hydrogen a i r c r a f t  using a hydrant truck. 


